Three different types of iron oxo-hydroxo colloids with well-defined sizes and chemistries have been synthesized by hydrolysis of Fe(III) in acidic and alkaline medium as well as by oxidative hydrolysis of Fe(U), resulting in solutions of &FeOOH (30 nm), a hexanuclear complex (HN, 2 nm), and a polynuclear oxidation product (OP, 3 nm). These colloids were tested for their availability to the coastal diatom Thalussiosiru weissflogii. Iron-limited cells were grown in synthetic seawater containing O-O.5 PM of total iron in colloidal form as the only iron source. We found no evidence of direct uptake of colloids by the algae. The P-FeOOH colloids, which dissolve exceedingly slowly in the light or in the dark, did not support diatom growth. In contrast, maximal growth rates and cell yields were observed in the presence of either 50 nM OP or HN. Photoreduction accounted for the availability of HN. In the case of OP, thermal (dark) dissolution of the colloid appears sufficient to satisfy the iron requirement of the diatom.
In parts of the ocean the phytoplankton population seems to be limited by iron, an essential micronutrient whose biological functions involve oxidation/reduction reactions as well as interactions with molecular oxygen. Evidence for iron limitation has been obtained in coral reefs (Entsch et al. 1983) , coastal waters (Glover 1978) , and the open ocean (Menzel and Ryther 196 1; Martin and Gordon 1988) . This limitation is due to low iron concentrations or inavailability of dominant iron species. Rueter (1982) and Howarth et al. (1988) mention the possibility that iron might limit N fixation. The iron requirement in coastal phytoplankton is much higher than in oceanic species, a reflection of the higher iron concentrations observed in coastal waters compared to the open ocean (Ryther and Kramer 1961; Brand et al. 1983 ). Typical total surface iron concentrations are 1 O-'-10 l nM in the open ocean and up to 1 O3 nM in coastal waters (Glover 1978; Gordon et al. 1982; Martin and Gordon 1988 ).
An operational distinction is usually made between particulate and dissolved (0.4-pm filterable) iron. The proportion of these two forms can vary over a wide range, depend---ing on site and time of observation. The socalled dissolved fraction consists of inorganic complexes, organically bound iron, and colloids with sizes ~0.4 pm (Lewin and Chen 1973) . Ferric iron undergoes extensive hydrolysis in oxygenated seawater, so the: amount of iron in colloidal form can be a considerable part of the apparent dissolved pool, unless it happens to be complexed by organic ligands. Colloidal iron oxo-hydroxides in seawater may have widely varying origins, chemical compositions, and sizes. In the open ocean the most likely sources of iron colloids are atmospheric dust (Moore et al. 1984; Duce 1986) , in situ oxidation of Fe(I1) (Landing and B&and 1987) , and release of iron compounds during the degradation of organisms. In coastal waters, in addition, the input of colloids by rivers must be considered, although up to 95% of the dissolved iron in rivers is precipitated during estuarine mixing (Boyle et al. 1977) .
To date, the age-old question of the availability of iron colloids to phytoplankton (Harvey 1937) has not received a satisfying answer. It has drawn new attention lately because of the recent report of iron limitation in the Northeast Pacific (Martin and Gordon 1988) . Only a few reports on the bioavailability of iron colloids to marine phytoplankton have been published (e.g. Goldberg 1952; Hayward 1968; Davies 1970; Anderson and Morel 1982) with di-vergent results. According to Wells et al. (1983) colloidal goethite (ar-FeOOH) or hematite (a-FezOJ do not support phytoplankton growth at all, while hydrous ferric oxide colloids do. The mechanisms proposed for utilization of poorly defined colloids are thermal dissolution (Wells et al. 1983) , mobilization by organic ligands, or photoreduction (Finden et al. 1984; Waite and Morel 1984) . In contrast, the early reports of Goldberg (1952) and Hayward (1968) provided evidence for direct uptake of colloidal iron. Except for the crystalline colloids like goethite and hematite, the chemical and structural properties as well as the sizes of the colloids were not well known.
Here we report on the availability of three different, well-defined, synthetic iron oxohydroxide colloids to the coastal diatom Thalassiosira weissjlogii. Our objective is to correlate the observed growth responses with structural and chemical properties of the colloids. The three colloids we use serve as model compounds for naturally occurring iron forms. P-FeOOH (akaganeite) is a crystalline, thermodynamically stable form. The hexanuclear complex (HN) [Fe,(OH) ,, (sor)J-(sor = doubly deprotonated sorbitol) is a model for intracellular iron species (Schneider and Schwyn 1987; Schneider 1988) . The third iron form obtained by oxidative hydrolysis of Fe(I1) (OP) represents a well-defined colloidal suspension of socalled hydrous ferric oxide or amorphous iron oxide. Of the three colloids only pFeOOH does not support diatom growth. There is no evidence that any of these colloids are taken up directly, not even the smallest ones consisting of only six iron atoms. Dissolution of the iron by thermal or photochemical processes is necessary for utilization by T. weiss$'ogii.
Methods
Cultures-Cultures of T. weissflogii were grown in siliconized glass tubes (50 ml) under continuous light (Sylvania "cool-white"; 120 pmol quanta m-2 s-l) at 20°C. The growth medium was modified Aquil (Morel et al. 1979 ) with total iron and EDTA concentrations of 50 nM and 100 PM, respectively, resulting in a pFe (=-log[Fe3+J) of 2 1. In this medium the growth of the cells was iron limited (-1 div d-l) . At the start of the experiments 100 ~1 of a culture (pFe 21) in the exponential growth phase was added to 30 ml of the new medium. Each treatment was run in duplicate or triplicate. The growth of the cell population was determined by measuring Chl a fluorescence over time with a Turner Designs model 10 fluorometer.
All the growth media containing iron colloids were prepared by adding a dilute colloid solution to iron-and EDTA-free Aquil just before starting the experiment, with the exception of two experiments in which iron colloids were added to media containing 100 PM EDTA. Control cultures without any added iron were run to check iron contamination from glass tubes, from the medium, and from culture transfer. To minimize iron contamination we soaked the glass tubes in .l M HCl for a few days, rinsed them, and filled them with water from a Millipore purification system (Q-water). The tubes were then sterilized by placing them for 2 h in a 600-ml glass beaker containing boiling Q-water. All culture media were filter sterilized (0.22 pm, Sterivex-GV or GS from Millipore) before use. Unless otherwise stated, the light and temperature conditions were those of the stock cultures.
Inadvertent carryover of EDTA from the stock culture (which should have been avoided) resulted in an EDTA concentration of 0.3 PM in the experimental medium. Fortunately, due to slow kinetics, this EDTA concentration does not appreciably affect the chemistry of the medium or the bioavailability of Fe. First, and most importantly, 0.3 PM EDTA has a negligible effect on the thermal or photochemical dissolution of the Fe colloids: an estimate of 3 x lo-l7 mol liter-l d-i for the dissolution of 50 nM Fe colloids in the presence of 0.3 PM EDTA can be made from previous studies of EDTA dissolution of various oxides (Chang and Matijevic 1983; Litter and Blesa 1987) . Further, the forward rate constant for the reaction of dissolved inorganic Fe with CaEDTA at pH 8 is quite low (7 x lo4 M-l h-l; Hudson pers. comm.) so that 0.3 PM EDTA is an inefficient trap for any dissolved iron (time constant ~2 x 1O-2 h-l). Only at the very beginning of an experiment, when the cell concentration is -500 cells ml-', is EDTA complexation comparable to cellular untake (initial time constant X3~10-~ h-l; Hudson and Morel 1990) . With an upper limit of 0.1 nM dissolved inorganic Fe in the medium (for nearly limiting conditions), maximal F'e complexation by EDTA over 10 d is 0.5 n&I.
column was calibrated with the proteins albumin, cytochrome c, and aprotinin.
Detailed descriptions of the colloid syntheses and their characterizations are given elsewhere (Schwyn 1983; Rich 1987; von Gunten 1989) .
Synthesis of iron colloids-Solutions containing the green dinuclear complex [Fe2(OH),(sor),14-were produced by adding an acidic ferric chloride solution to a strongly alkaline solution of sorbitol (OH : Fe = 5). Subsequently the OH : Fe ratio was lowered to 4 with an imidazole buffer (pH 6), which leads to the formation of the hexanuclear complex [Fe,(OH) ,,(sor),Jj- (Rich 1987) .
Rod-shaped P-iron oxyhydroxide colloids were synthesized following the procedure of Schwyn ( 1983) in which a carbonate-bicarbonate buffer is added slowly to an acidic ferric chloride solution until the OH : Fe ratio reaches 2. This stock solution contained about 18% dissolved inorganic i.ron species. To remove the dissolved iron, we passed the &FeOOH colloid solution through a strong acidic cation exchanger (Na+-Form) and eluted it with a 0.0 1 M HCl/ 0.19 M NaCV0.7 5 M NaCIO, solution. The dissolved iron was retained on the ion exchange resin. The polynuclear complexes, which were too large to be bound, passed through the resin without retention.
The third kind of iron colloids was formed upon hydrolysis of slowly oxidized Fe(B). To a TRIS buffer (0.5 M ; pH 7.5) previously purged with argon, we added 0.01 M Fe(CH,S03)2. The resulting solution was circulated through silicone tubing with a peristaltic pump. The ferrous iron was then oxidized by oxygen, which diffuses through the tubing (von Gunten 1989) . The rate of oxidation was controlled by the amount of oxygen diffusing into the solution. The hydrodynamic radius of these colloids (1.5 nm) was determined by size exclusion chromatography with lipophilic Sephadex (LH 60-120) as the stationary phase and 0.5 M TRIS ~.. _ -_ Determination of Fe(U) produced by photoreduction-Samples (25 ml) of synthetic ocean water (SOW) including nutrients (Morel et al. 1979) were purged with a gas mixture of nitrogen and carbon dioxide (327 ppm C02) for 15 min. At the start of the experiment 2.5-100 PM ferric iron in colloidal form was added to each of the samples. The solutions were stored in siliconized, 50-ml culture tubes under the same light and temperature conditions as for ,the diatom growth experiments (but without being inoculated). The Nz-and CO,-purging was continued throughout the experiment. Light with a wavelength <275 nm was totally absorbed by the glass tubes. After intervals of 0.5-1.5 h, 4-ml aliquots of medium were mixed with 40
bis(4-phenyl sulfonic acid)-1,2,4 triazine]. Absorbance of the resulting solutions was measured with a Beckman DU-7 spectrophotometer at a wavelength of 560 nm (Marczenko 1986) in l-cm cuvettes. For the hexanuclear complex, the same experiment was conducted in light with the spectral range X > 520 nm, using a long-pass glass filter (transparent above 535 nm). Control solutions with the same compositions kept in the dark were also measured. Calibration of the method with freshly prepared FeSO, solutions in the concentration range 50 nM to 1 PM yielded a molar absorption coefficient of 27,300 M-' cm-" for the complex [FeJ1(fz),]4-.
Thermal dissolution of iron colloids -To 5-ml samples of 0.56 M NaCl, 2 mM 8-hydroxyquinoline-5-sulfonic acid (sulfoxine), and 0.02 M TRIS buffer (pH 8.2), we added dilute iron colloid solutions to give a total iron concentration of 0.2 mM. Immediately after the iron addition, the absorbance of the solution at 572 nm (Kuenzi 1982) was recorded over time with a Beckman DU-7 spectrophotometer with a B-cm cuvette. The molar absorption coefficient of bufIer (pH 7.5) as the mobile phase. 'l'he the iron-sulfoxine complex under these con- 
Results
Thermal dissolution-Due to spectrophotometric detection limits, all dissolution experiments were conducted at much higher iron concentrations (2-200 PM) than the growth experiments (5-500 nM). Colloid dissolution was measured in the presence of excess 8-hydroxyquinoline-5-sulfonic acid (sulfoxine), which forms a strong 3 : 1 complex with Fe(II1) (Kuenzi 1982) . /?-FeOOH dissolves much slower than OP or HN. Only 5% dissolution of /3-FeOOH is reached after 4 h when almost half of the others are dissolved (Fig. 1) .
The dissolution curve for the P-FeOOH colloids becomes linear after more rapid dissolution of -5% of the total iron, while OP shows linear behavior until 20% OF the total iron is dissolved. The dissolution rate constants calculated from the linear portions of the curves are 3 x 1O-4 h-l and 2 X 10-i h-*, respectively. In the case of HN, no part of the dissolution curve can be fitted with a simple rate law. Time-integrated dissolution is similar, however, to that measured for OP.
It should be emphasized that the thermal dissolution rates obtained here in the presence of sulfoxine are likely to be far greater than those obtained in culture media. Nonetheless, in the case of /3-FeOOH they provide a useful upper limit.
Photoreduction -Ferrous iron formed by photoreduction was measured spectrophotometrically as the 3 : 1 ferrozine complex, which is stable over pH 4-9 (Stookey 1970). Although optical spectra of the three colloids look similar ( Fig. 2A) , their photochemical behaviors are very different (Fig.  2B) . Within the limit of detection (50 nM) no photoreduction of P-FeOOH colloids is observed. Only a small fraction (-2%) of OP is dissolved by photoreduction over the first 3-4 h and no additional Fe(R) formation can be measured over 24 h. In contrast, HN is photoreduced easily. The differences in photoreduction among the three colloids are probably due to the presence of a good electron donor (sorbitol) in the case of HN and to the absence of a suitable reducing agent in the two other cases.
The kinetics of HN photoreduction are roughly proportional to the total iron concentrations in the system (Fig. 3A) . Under the light conditions of the experiment (120 hmol quanta me2 s-l), a first-order photodissolution rate of 4-6 x 1O-2 h-' is obtained from plots of -ln(l - spectral range >520 nm (Fig. 3B) . In this experiment the reaction in full light is slower than in the case discussed previously (Fig.  2B) because of a lower total light intensity (60 pmol quanta me2 s-l).
To verify that the reoxidation of Fe(H) in this N,-and CO,-purged medium is minimal, we ran a control experiment with an -initial FeSO, concentration of 10 PM. It showed a decrease in ferrous iron of only 10% after 4 h. No Fe(H) was detected in any of the dark controls.
Growth in the presence of /3-FeOOHGrowth of T. weissflogii in the presence of 50 nM p-FeOOH is not increased compared to the culture with no added iron (Fig. 4A) . Algal cells in the standard medium [Aquil: 0.5 PM Fe(II1); 100 PM EDTA; pFe 191 exhibit maximal growth and cell yield. Cultures containing 0.5 PM Fe as unpurified /?-FeOOH colloids and some dissolved iron (Fe') present in the colloid stock solution grow at maximal rates for the first 3 d and then reach a low plateau (Fig. 4B) . The initial growth is due to the presence of dissolved iron as can be seen by comparison to the culture containing only purified colloids., If ,&FeOOH colloids are the only iron source, growth is reduced to the same extent as for the cultures with no added iron.
Growth in the presence of HN-In the presence of 50 nM iron as the hexanuclear complex, diatom growth response is similar to that in the standard medium (pFe 19). The cell yield of the culture with 5 nM iron is -5 times lower than that of the 50 nM culture (Fig. 5A) . To test if photoreduction of Fe(III) in HN is essential for its bioavailability, we grew a culture in light with a spectral range that inhibits photoreduction (wavelength X > 520 nm) in the presence of 5 nM HN iron. No growth was observed over 11 d (Fig. 5B) . When the culture was brought back into full light at day 11, growth resumed. In contrast, in the standard medium (pFe 19) T. weissjlogii is able to grow even under restricted light (wavelength X > 520 nm), attaining almost maximal growth rate after a lag phase of 3 d.
In another set of experiments, 1 mM ferrozine was added directly to cultures containing 50 nM HN iron in an attempt to trap photochemically produced Fe(H). The growth rate in these cultures is much lower
. Time-course of Chl a fluorescence for ironlimited cells inoculated at time zero into: (A) standard medium (pFe 19), iron-free medium, or media containing the indicated concentrations of HN; (B) media containing the indicated form of iron stored under two different light conditions (full light, X >275 nm; restricted light, h > 520 nm). At day 11 (arrow), the HN culture in restricted light was changed to full light. (Fig. 6A ). The differences in growth between the cultures with no iron addition (+fer-rozine) is either due to different amounts of iron contamination or to trapping of trace iron by ferrozine. When ferrozine is added to standard medium cultures, only a small change in diatom growth is observed, indicating that ferrozine is not toxic at 1 mM and does not affect appreciably Fe(II1) speciation in the presence of 100 KM EDTA (Fig. 6B ).
Trapping of both Fe2+ produced by photoreduction and Fe(OH),3-* formed by reoxidation should occur if a high concentration of EDTA is added to the culture. The growth rate in a culture medium containing 50 nM HN and 100 ELM EDTA is 60% lower than in the absence of EDTA (Fig. 6C) .
Growth in the presence of OP-Cultures of T. weissjlogii were grown in the presence of 50, 5, and 0 nM of oxidation product colloids. The growth curves [ Fig. 7A) show the same pattern as the ones observed in the presence of HN (Fig. 5A) . The growth rate of T. weissflogii is reduced only -50% in restricted light (X > 520 nm; Fig. 7B ) however, and only slightly by addition of ferrozine (Fig. 8A) . If 100 PM EDTA is present in the growth medium, the growth rate in the presence of 50 nM OP is reduced by -40% (Fig. 8B) . Thus the chelating agent is able to act as a competitor to the cell for binding and uptake of the iron, demonstrating the importance of dissolved iron in uptake.
Discussion
The three iron colloids we studied, /3-FeOOH, HN, and OP, are very different in their chemical and physical properties (Table 1) . Akaganeite (,&FeOOH) is a naturally occurring mineral, which is not as the cytosol, has been studied extensively (Hametner 1985; Schneider and Schwyn 1987) . At high iron concentration (0.15 M) and a pH of 8, the HN cores form aggregates that contain -30 iron atoms (Rich 1987) . Whether aggregation also occurs at low concentrations (550 nM) in seawater has not been investigated.
The OP colloids were synthesized by [O,]-limited oxidation of ferrous iron in a TRIS buffer. This procedure imitates the oxidation of Fez+ diffusing upward through an oxycline in natural waters and leading to Fe(IlI) colloids (Davison 1985; Landing 1988) . Oxidation of photochemically produced Fez+ in surface waters (Waite and Morel 1984) may also initiate the formation of colloids. No reports have been found re- (Schwyo 1983; Rich 1987; van Gunten 1989) . t Hydrodynamic radius r determined by photon-correlation spectroscopy (Rich 1987; van Gunten 1989) . $ Hydrodynamic radius r determined by size-exclusion chmmatography (this payrer). garding the type of products formed in seawater. Coey and Readman (1973) investigated the properties of a natural colloid formed upon iron oxidation in freshwater. The amorphous compound had the composition Fe(OH), .0.9 Hz0 and an average size of 3.9 nm. The OP colloids have a hydrodynamic diameter of 2-3 nm, as determined by laser light scattering (von Gunten 1989) and size-exclusion chromatography (see methods), and their nuclearity is -50 iron atoms per colloid.
For clarity, the bioavailability of the three colloids can be discussed following the general scheme in Fig. 9 . Direct uptake (pathway I), which has not been observed in our experiments, includes mechanisms like phagocytosis or adsorption of iron colloids at the cell surface with subsequent contactpromoted dissolution. Iron uptake by binding of dissolved inorganic iron species [Fe(OH),3-X, Fe2+] to a specific transport site at the cell membrane (Anderson and Morel 1982; Hudson and Morel 1990 ) is described by pathways 2 and 3. Before discussing the bioavailability OF each colloid we note that the iron requirement in a growing culture increases exponentially with time (Fig. 10) . The total iron requirements for maximal growth rate vary from 0.01 nM h-i initially to 1 nM h-' after 4 d. P-FeOOH colloids do not support diatom growth (Fig. 4) , ruling out all three postulated mechanisms. This outcome is not surprising for pathway 2, since no photoreduction of&FeOOH was observed (Fig. 2B) . Fig. 10 . Time-course of colloid dissolution rates and iron uptake rate by Thalassiosira weis,$ogii. Photoreduction rate at 50 nM HN (0) and 5 nM HN (n); thermal dissolution rate at 50 nM OP (A) and 5 nM OP (M); upper limit of thermal dissolution rate at 50 nM /3-FeOOH (0); iron uptake rate by T. weissflogii (0). The iron uptake curve was calculated taking the minimum iron quota of 2.5 x lo-l6 mol cell-' for the maximum growth rate of 1.5 div d-l observed in our experiments (Anderson and Morel 1982) and an initial cell concentration of 500 cells ml-'.
Calculation of the thermal dissolution rate of OPAddition of EDTA to the culture medium resulted in a 4OYo lower growth rate (-1 div d-l; Fig. 8B ). It is due to trapping of [Fe(OH)X3-X] from thermal dissolution (Eq. 1) by EDTA via the ligand exchange reaction in Eq. 2: Interestingly, at pH 8 and pFe 18.8, a total dissolved inorganic iron concentration of about 1 nM is calculated from the solubility product for P-Fe(OH)2. 7C10.3 (log K,, = -35; Biedermann and Chow 1966) . This dissolved ferric iron concentration would allow maximal growth of T. weissjlogii through pathway 3. The kinetics of thermal dissolution, however, are too slow to satisfy the requirements of the diatom at high growth rates. Indeed, the maximal dissolution rate according to the results of Fig. 1 yields   3 x 10e4 h-l x 5 x lop8 M = 0.015 nM h-l.
The actual dissolution rate must be much lower since even a 500 nM Fe addition as @-FeOOH did not improve growth above the control with no iron addition (Fig. 4B) . Wells et al. (1983) reported similar results for the growth of Thalassiosira pseudonana in the presence of goethite or hematite, although in these cases sufficient iron supply is prevented by the thermodynamics of dissolution. With solubility products of log K,, = -4 1.5 for goethite and -42.7 for hematite (Smith and Martell 1976) , the respective dissolved Fe concentrations are -20 and 1 N for pH 8 at equilibrium.
HN presents a readily available iron source for T. weissflogii. The growth curves for 50 and 5 nM total iron (Fig. 5A ) are similar to those obtained by spiking ironstarved cultures with the same amount of iron as FeCl, (Anderson and Morel 1982) . Various experiments demonstrate that photoreduction (pathway 2) determines the bioavailability of iron in this system. Addition of ferrozine (Fig. 6A )-a strong Fe(B) ligand--reduces the growth rate of an HN culture dramatically. No such effect is seen when FeEDTA is the iron source (Fig. 6B) indicating that, as expected, Fe(B) rather than Fe(II1) trapping is the cause of the growth reduction. Accordingly, EDTA is a less effective trapping agent than ferrozine (Fig. 6C ). This result is confirmed by growth experiments conducted in restricted light where photoreduction is inhibited (X > 520 nm). No growth is then observed, although T. weissflogii is able to grow under these light conditions if a different iron source (FeEDTA, pFe 19 ) is present (Fig. 5B) .
From the results of Fig. 2B , we can calculate the rate of HN photodissolution in the growth medium (Fig. 10) . The decrease in photoreduction rates with time is due to a decrease of HN concentration in solution as the reaction proceeds. As long as the photoreduction rate exceeds the algal uptake rate, the cells are able to grow maximally. Figure 10 shows that photoreduction at 5 or 50 nM total iron is fast enough to supply dissolved iron for 3.5 or 5 d of maximal growth. In the corresponding experiment (Fig. 5A) we observed 3 and 4-5 d of growth at the maximal rate. In the case of 50 nM HN, however, nutrients other than iron are also depleted after 5 d.
The lack of diatom growth under restrictcd light (Fig. 5B) and the large reduction in growth with added ferrozine (Fig. 6A ) indicate that thermal dissolution is too slow to supply enough iron. Thus the thermal dissolution rate of HN (in the presence of 0.3 PM EDTA or 1 mM ferrozine) must be much lower than the photoreduction rate (Fig. 2B) or a fortioiri than the dissolution rate measured in the presence of 2 mM sulfoxine (Fig. 1) . More importantly this result also rules out any direct uptake of the HN colloids by the cells (pathway 1).
In the presence of colloids produced by oxidalion of ferrous iron (OP), T. weissji'ogii shows the same growth response (Fig. 7A ) as in the presence of HN. Since photodissolution of OP occurs to only a small extent (Fig. 2B) , we expect this pathway to contribute only a fraction of the biologically available Fe. Indeed, diatom growth is only slightly reduced by addition of ferrozine ( Fig.  8A ) and is not stopped by conducting the experiment with high-wavelength light (Fig.  7B ) outside the absorption spectrum of OP. The bulk of the available Fe must therefore be contributed by a different pathway (1 or 3 in Fig. 9 ). The 40% decrease in growth rate on addition of 100 PM EDTA to the medium (Fig. 8B) indicates trapping of the dissolved iron formed by thermal dissolution of OP and rules out direct colloid uptake by the algae as the major pathway. Direct uptake (pathway l) is unlikely anyway since OP colloids (3 nm) are larger than the HN colloids (2 nm) which are not taken up. Thus thermal dissolution (pathway 3) is a significant and probably dominant mechanism for biological uptake of OP colloids. The growth rate in the OP-and EDTAcontaining medium is the same as in the pFe 21 medium (Fig. 8B ) and is not maximal, so the dissolved inorganic iron concentration in both cultures must be about equal. For the pFe 2 1 medium, the equilibrium concentration of dissolved inorganic ferric iron is calculated at -0.04 nM (MINEQL; Westall et al. 1976 ). This value may be increased up to a factor of 3 by FeEDTA photolysis under culture conditions (Hudson and Morel 1990) . In view of the known reaction rate of inorganic iron with CaEDTA (7x lo4 M-' h-l; Hudson pers. comm.) we can back-calculate an approximate thermal dissolution rate of 50 nM OP at 8 x IO-r0 M h-' (caption of Fig. 10) . Not surprisingly the corresponding rate constant is much lower than measured in the presence of sulfoxine (7 x 10e3 h-l vs. 2 x 10-l h-l). According to Fig. 10 a dissolution rate constant of 1.6~ 10e2 h-' should allow T. weissflogii to grow at 1.5 div d-* for 2 (5 nM OP) or 4 d (50 nM OP) in the absence of EDTA. This calculation is in good agreement with experimental growth curves (Fig. 7A) .
Our results provide a quantitative basis to speculate on the recent data of Martin and Gordon (1988) indicating possible Fe limitation in the North Pacific. In these surface waters 65-85% of the total iron (0.2-0.4 nM) is present in particulate form (retained by a 0.4-pm filter). The dissolved fraction (co.4 pm) is assumed to be mostly hydroxo complexes, although it also may contain colloids (Lewin and Chen 1973) or organic chelates. Considering 50% of the measured suspended particulate matter to be organic C from phytoplankton (2-4 /IM; Martin and Gordon 1988) and taking the minimal phytoplankton C : Fe ratio (1.3~ 105, Anderson and Morel 1982; 1.8-2.6 X 105, Martin and Gordon 1988) , we calculate an iron concentration of 0.025 nM present in phytoplankton. It is only a tenth of the total iron concentration. Therefore, if phytoplankton growth is limited by iron, the reason must be slow kinetics.
The iron requirement of phytoplankton growing at a rate -0.5 div d-' is 5.2x 1O-4 nM h-l. If only dissolved iron is taken up, it must be replenished by dissolution of particulate and colloidal iron. At a particulate and colloidal iron concentration of 0.3 nM, the average dissolution rate constant required is 1.7 x 1O-3 h-l. Iron forms like HN and OP dissolve much faster (6 x 1O-2 and 1.6 x 1O-2 h-r) and would allow higher phytoplankton populations than observed. Therefore, labile colloids like HN and OP are not representative of the major iron species present but could account for a fraction of the nonrefractory Fe which itself represents lo-20% of the total (Landing and Bruland 1987) . In contrast, colloids like @-FeOOH (dissolution rate constant ~3 x low4 h-') could not provide the necessary iron. If we accept the results of Martin and Gordon (1988) , we can thus surmise that much of the suspended iron, mostly derived from atmospheric input, is slowly dissolving and that the dominant phytoplankton species probably behave like T. weissflogii and do not directly take up colloidal or particulate iron.
Our results as well as the analysis of field data from other studies show no evidence for direct utilization of colloidal iron by phytoplankton. We conclude that dissolution of particles and colloids is necessary to supply iron for algal growth. The amount of available iron is determined predominantly by the dissolution kinetics of particulate and colloidal iron.
